Members of the class B family of G protein-coupled receptors (GPCRs) bind peptide hormones and have causal roles in many diseases, ranging from diabetes and osteoporosis to anxiety. Although peptide, small-molecule, and antibody inhibitors of these GPCRs have been identified, structure-based descriptions of receptor antagonism are scarce. Here we report the mechanisms of glucagon receptor inhibition by blocking antibodies targeting the receptor's extracellular domain (ECD). These studies uncovered a role for the ECD as an intrinsic negative regulator of receptor activity. The crystal structure of the ECD in complex with the Fab fragment of one antibody, mAb1, reveals that this antibody inhibits glucagon receptor by occluding a surface extending across the entire hormone-binding cleft. A second antibody, mAb23, blocks glucagon binding and inhibits basal receptor activity, indicating that it is an inverse agonist and that the ECD can negatively regulate receptor activity independent of ligand binding. Biochemical analyses of receptor mutants in the context of a high-resolution ECD structure show that this previously unrecognized inhibitory activity of the ECD involves an interaction with the third extracellular loop of the receptor and suggest that glucagon-mediated structural changes in the ECD accompany receptor activation. These studies have implications for the design of drugs to treat class B GPCR-related diseases, including the potential for developing novel allosteric regulators that target the ECDs of these receptors.
Edited by Robert J. Lefkowitz, Howard Hughes Medical Institute, Duke University Medical Center, Durham, NC, and approved July 27, 2012 (received for review April 20, 2012) Members of the class B family of G protein-coupled receptors (GPCRs) bind peptide hormones and have causal roles in many diseases, ranging from diabetes and osteoporosis to anxiety. Although peptide, small-molecule, and antibody inhibitors of these GPCRs have been identified, structure-based descriptions of receptor antagonism are scarce. Here we report the mechanisms of glucagon receptor inhibition by blocking antibodies targeting the receptor's extracellular domain (ECD). These studies uncovered a role for the ECD as an intrinsic negative regulator of receptor activity. The crystal structure of the ECD in complex with the Fab fragment of one antibody, mAb1, reveals that this antibody inhibits glucagon receptor by occluding a surface extending across the entire hormone-binding cleft. A second antibody, mAb23, blocks glucagon binding and inhibits basal receptor activity, indicating that it is an inverse agonist and that the ECD can negatively regulate receptor activity independent of ligand binding. Biochemical analyses of receptor mutants in the context of a high-resolution ECD structure show that this previously unrecognized inhibitory activity of the ECD involves an interaction with the third extracellular loop of the receptor and suggest that glucagon-mediated structural changes in the ECD accompany receptor activation. These studies have implications for the design of drugs to treat class B GPCR-related diseases, including the potential for developing novel allosteric regulators that target the ECDs of these receptors.
T he glucagon receptor (GCGR) is a member of the class B G protein-coupled receptor (GPCR) family (1) that mediates the activity of glucagon, a pancreatic islet-derived peptide hormone that plays a central role in the pathophysiology of diabetes (2) . Several GCGR antagonists that improve glycemic control in animal models of diabetes and diabetic patients have been described (3) (4) (5) (6) (7) (8) . Although biochemical studies of glucagon and GCGR mutants have facilitated the mapping of some elements that contribute to glucagon binding (4, (9) (10) (11) (12) , the molecular mechanisms of GCGR activation and inhibition remain largely unknown because there are currently no high-resolution structures of GCGR. The current model for activation class B GPCRs proposes a tethering mechanism whereby the C-terminal half of the peptide ligand first binds a large extracellular domain (ECD), thereby enabling a high-affinity interaction of the N-terminal half of the ligand with a cleft formed by the transmembrane α-helical bundle (13, 14) , termed the juxtamembrane (JM) domain. This interaction induces a structural change in the transmembrane and intracellular face of the receptor that enables G protein coupling, likely similar to that described for the activated form of the β-adrenergic receptor (15) . Recent structural studies of several class B GPCR ECDs and ECD-ligand complexes support this model (16) (17) (18) (19) (20) (21) . Glucagon likely interacts with GCGR in a similar fashion to the interaction of other peptide ligands with class B GPCRs, although currently undefined differences would ensure receptor specificity.
In this study, using structural, biochemical, and cellular approaches, we elucidated distinct mechanisms of action of potent antagonist antibodies targeting the GCGR ECD, herein termed mAb1 (8) and mAb23. The entire ligand-binding cleft of the ECD is occupied by mAb1, where it blocks multiple residues that interact with glucagon. Inverse agonist activity was observed for mAb23, revealing that the ECD is an intrinsic negative regulator of GCGR. The activity of mAb23 requires both Y65 and ECL3, receptor elements that are also required for maintaining low basal receptor activity. These results point to an interaction between the ECD and JM regions of the receptor. A network of interactions between L2 residues and other regions of the ECD provides a mechanism for perturbation of the ECD upon ligand or mAb23 binding, which then regulates receptor activity in an ECL3-dependent manner.
Results

Antagonist and Inverse Agonist Antibodies Targeting the GCGR ECD.
We generated several antibodies against GCGR that inhibited glucagon action in cells overexpressing the receptor (Fig. S1A) . The binding and inhibitory characteristics of two of the most potent antibodies, mAb7 and mAb23, were compared with a recently described inhibitory antibody that improves glycemic control in animal models of diabetes (7, 8) , herein termed mAb1. All three antibodies inhibited glucagon-induced gene expression in primary human hepatocytes (Fig. 1A) and blocked 125 I-glucagon binding to 293 cells overexpressing GCGR (Fig. 1B) . We also found that mAb23 acted as an inverse agonist of GCGR, reducing constitutive receptor activity under conditions in which cAMP levels in cells are dependent on the expression of GCGR but not the presence of glucagon (Fig. 1C and Fig. S1 B and C) . In addition, we established that the major GCGR determinants for mAb1, mAb7, and mAb23 binding are located in the ECD. First, antibody binding to full-length receptor and recombinant ECD was only detected on Western blots when proteins were resolved under nonreducing conditions, indicating that the antibodies recognized conformational epitopes in the ECD (Fig.  S1D) . Second, all three antibodies had high monomeric affinities for isolated GCGR ECD, with values ranging from 0.8 to 2.5 nM (Table S1 ). Third and most importantly, there was no detectable difference between the ability of recombinant ECD or full-length GCGR to compete for the binding of any of these antibodies in an Alphascreen competition assay (Fig. 1D) , demonstrating that they only bound to the ECD and did not interact with extracellular loops of the receptor.
Structure of the GCGR-mAb1 Complex. To define the epitopes and to understand the molecular mechanisms by which these antibodies inhibit GCGR, we attempted to obtain well-diffracting crystals of antigen-binding Fab fragments in complex with purified GCGR ECD. Crystal trials were also attempted for the apo and glucagon-bound GCGR ECD; however, diffracting crystals were only obtained for the WT GCGR ECD/mAb1 Fab complex. Refinement of the ECD/mAb1 Fab complex yielded a map to 2.64-Å resolution. (Fig. 2A and Table S2 ).
The GCGR ECD structure resembles the α-β-β-α fold common to other class B GPCR ECD structures (16) (17) (18) (19) (20) (21) (22) (23) and is most closely related to the glucagon-like peptide-1 receptor (GLP-1R). These receptors share 46% sequence identity within their ECDs, and their overall structures superimpose well, with an rmsd of 1.5 Å (Fig. 2 B and C) . A cluster of invariant or conserved residues forms a shallow cleft at the interface of αA, L2-L5, and αC and, according to studies of loss of function mutations in this region, this cleft is expected to form the binding site for the glucagon peptide. An individual homozygous for a P86S mutation has hallmarks of loss of glucagon action, and this receptor variant was unable to bind glucagon in vitro (10) . Residues at the base of L4 adjacent to P86, including the invariant P82 and conserved Y84 and L85, form part of an extended hydrophobic surface in the canonical hormone-binding pocket (16) (17) (18) (19) (20) (21) (22) (23) . Residues in L2 have also been shown to be critical for glucagon binding and/or receptor structure (24, 25) , including D63, which forms a salt bridge with the sidechains of K98 and R116 and is within H-bond distance of W68 and the backbone amide of S66 (Fig. 2D) . Like D63, mutation of K98 significantly reduces GCGR activity (25) . The sidechains of the invariant W68 and W106, together with Y65, form the core of the ECD (Fig. 2D) .
Compared with GLP-1R, GCGR contains an additional residue, F33, in its amino terminal αA helix, resulting in a difference in register compared with the αA helix of GLP-1R that may contribute to ligand specificity. Additionally, there is a conformational difference between L5 of GCGR and GLP-1R L5. GLP-1R L5 contains an additional amino acid (L118), whereas GCGR L5 forms an unusual type I' turn (G109-G112, phi/psi angles of 95°, 171°/38°, 55°/96°, −10°/−86°, and −7°) not observed in other class B GPCRs.
Analysis of Glucagon-GCGR Interactions. Aided by the GLP-1R/ GLP-1 complex (20) and glucagon (26) structures, we generated a model of glucagon bound to the ECD (Fig. 3A) . One side of glucagon's amphipathic helix comprises six hydrophobic amino acids (Fig. 3B ) that face the ligand-binding cleft of GCGR. Consistent with our docking model, we observed a selective pressure to maintain F22, V23, L26, and M27 in a phage display selection screen for glucagon mutants that retained binding to the GCGR ECD (Fig. 3C) . Several key interactions seem to underlie the activation of GCGR by glucagon and may be involved in receptor:ligand specificity. First, V23 of glucagon, which is an isoleucine in GLP-1, lies close to the nonconserved L32 sidechain on the αA helix of GCGR and was preferred among glucagon variants that retain binding to the GCGR ECD (Fig. 3C) . Second, V33 of GLP-1 makes hydrophobic contacts with Y69 and L123 of GLP-1R, and its backbone carbonyl hydrogen bonds with the sidechain amine of R121 (20) . In our model, the corresponding conserved residues Y65, at the base of L2, and R116 on L5 are predicted to make similar contacts with M27 of glucagon (Fig. 3B) . We tested the ability of glucagon to activate GCGR harboring a Y65A mutation and found that this mutation increased the EC 50 of glucagon 10-fold (Fig. 3D ), indicating that Y65 plays a critical role in glucagon-induced receptor activation. We also observed an important role for Y65 in mAb1 and mAb23 binding, as revealed in alanine scan mutagenesis experiments across the entire ECD (Fig. S2 ). Finally, in contrast to GLP-1, glucagon is not amidated on the C-terminal residue, and this charge difference may contribute to ligand selectivity (27) . Mutational analysis of Q113, which in the docking model is the ECD residue closest to the terminal T29 residue of glucagon, supports the importance of a basic patch in GCGR for glucagon binding, comprising residues located on L2 (K64), L4 (K98), and L5 (R108, R111, Q113, and R116). Mutating Q113 to Ala or Asn did not change the EC 50 of glucagon for these mutant receptors in cell-based reporter assays, whereas replacing Q113 with a Glu residue increased the EC 50 of glucagon fourfold (Fig. 3E) , showing that a negative charge on residue 113 is unfavorable for glucagon binding.
Mechanism of mAb1 Antagonism of GCGR. The structure of the ECD/mAb1 complex revealed that mAb1 antagonizes GCGR by occluding most of the predicted sites of interaction of glucagon with the ECD (Fig. 4 A and B) . At the interface, a total of 750 Å 2 solvent-accessible surface area is buried on the ECD, whereas 630 Å 2 and 110 Å 2 are buried on the heavy chain (HC) and light chain (LC) of mAb1, respectively (Fig. 4B) . Numerous favorable interactions stabilize the mAb1/GCGR ECD complex, including seven hydrogen bonds (Fig. 4C) . A prominent feature of the interaction interface is an extended 21-amino-acid loop of the H3 complementarity determining region (CDR) (Kabat positions 93-102) that extends into the ligand-binding cleft of the ECD (Fig. 4 A and C). Both the HC and LC CDRs of mAb1 contact residues in the αA helix (L32 and W36), L2 (K64 and Y65), and L4 (P86) of GCGR. Residues R108 and Q113 of L5 are also contacted by mAb1 (Fig. 4 B and C) . A second prominent feature is the presence of an extensive network of interactions between R111 of GCGR and mAb1. This includes hydrogen bonds with both the HCs and LCs of mAb1, as well as salt bridges between the NH1 and NH2 atoms of R111 on GCGR and E95 (Kabat position), of the H3 CDR loop (Fig. 4C) .
We examined the ability of mAb1 to bind to recombinant GCGR ECD containing single amino mutations. As shown in Fig. 4D , WT ECD could compete for binding to mAb1 in an Alphascreen competition assay, with an IC 50 of 1.9 ± 0.3 nM, whereas the R111A mutant ECD was unable to compete with WT ECD for mAb1 binding. This mutation had no impact on the ability of mAb7 or mAb23 to interact with the ECD. In addition, mAb1 completely lost its ability to inhibit glucagon-induced activity of full-length R111A GCGR expressed in cells, whereas mAb7 and mAb23 blocked R111A GCGR activation with a potency comparable to their inhibition of WT GCGR (Fig. 4E ). These data revealed that R111 is uniquely required for the interaction of mAb1 with the GCGR ECD. Similarly, mAb1 failed to inhibit glucagon-induced signaling in cells expressing Y65A (Fig. 4F ) and also displayed reduced potency in inhibiting Q113A GCGR (Fig. 4G ).
GCGR ECD Negatively Regulates Receptor Activity. The observation that mAb23 functions as an inverse agonist through interactions with the ECD (Fig. 1) suggests that the ECD itself may act as a negative regulator of GCGR activity. In this model, mAb23 stabilizes a conformation of the ECD that promotes receptor inactivation, whereas glucagon binding has the opposite effect. If true, we reasoned that it should be possible to identify an activating mutation in the ECD. Having already identified Y65 as a critical residue in glucagon-induced GCGR activation (Fig.  3D ) and mAb23 binding (Fig. S2) and activity (Fig. 4F) , we tested the constitutive activity of a Y65A mutant and found that it was increased almost fivefold (Fig. 5A ). This suggests that loss of Y65 perturbed the negative regulatory activity of the ECD. The potency of mAb7, the only antibody that does not require Y65 for activity, was unchanged on Y65A GCGR (Fig. 4F) , indicating that mutation of Y65 did not simply lead to a gross disruption of ECD structure.
A second prediction of our model that the ECD negatively regulates GCGR activity is that the ECD interacts with the JM region of the receptor. To test this, we made mutations in the three extracellular loops (ECLs) of GCGR, the most likely sites of interaction, and examined their effect on both receptor activity and ECD structure. Exchange of ECL3 in GCGR for ECL3 of GLP-1R, a change of only three amino acids, led to an ∼fivefold increase in basal GCGR activity (Fig. 5A ) and a significant increase in glucagon-induced activation (Fig. 5B) , indicating that the ECL3 chimera more readily adopts an active conformation. Exchange of GCGR ECL1 for GLP-1R ECL1 also led to an increase in basal and glucagon-induced activity (Fig. 5 A and B) . We also found that mAb23 and mAb1 still bound the ECL chimeric receptors (Fig. S3A and Table S3 ) but no longer blocked ligand-induced activity of the ECL3 chimera (Fig. 5C and Fig. S3 B and C) , suggesting that the ECD was "decoupled" from the JM region in the ECL3 chimeric receptor. Further evidence for this was provided by studies with a chimeric peptide that can bypass the ECD (12) . Similar to glucagon, the activity of this ligand was significantly greater on the ECL3 chimeric receptor (Fig. S3D) .
We next sought evidence that mutations in ECL3 alter the structure of the ECD, as would be expected if the two regions interact. First, cells expressing WT or ECL3 chimera GCGR were subjected to limited proteolysis, and Western blots of the digested species were probed with the ECD-specific antibody mAb1, thereby enabling us to specifically probe the ECD independently of the rest of the receptor. As shown in Fig. 5D , the ECD of the ECL3 chimera was significantly more sensitive to protease digestion than WT receptor, as indicated by the complete loss of the ECD signal in the ECL3 chimera at the highest protease concentration. Similar results were obtained for the ECL1 chimera. Second, we probed for altered GCGR structure with our panel of GCGR antibodies, reasoning that some might show differential binding to WT vs. ECL3 chimeric receptor. We found that a nonblocking antibody that targets the ECD, mAb39, consistently demonstrated increased binding to the ECL3 chimeric receptor (Fig. 5E) , whereas mAb1 and mAb23 did not show differential binding to the ECL3 chimera (Fig. S4 A and B) . Like mAbs 1, 7, and 23, mAb39 also only binds folded ECD (Fig. S4C) . Although these data do not directly demonstrate a physical interaction between the ECD and ECL3, they indicate that mutations outside the ECD (within the JM domain) can influence its conformation.
Discussion
The current model for activation of class B GPCRs proposes that the C-terminal portion of the peptide hormone first binds to the ECD and that this interaction facilitates binding of the N-terminal half to elements of the transmembrane α-helical bundle (13, 14) . This second interaction is thought to induce a structural change in the receptor that activates G proteins. The ability to block GCGR activity with antibodies that target only the ECD is consistent with this model, because they prevent glucagon from binding to the receptor. For mAb1, a single CDR loop inserts into the ligand-binding cleft of the ECD (Figs. 2 and 4) . Thus, mAb1 seems to completely block hormone access by direct competition for residues required for glucagon-induced activation.
The mechanism of action of mAb23 seems distinct from mAb1: these two antibodies differ in both potency (mAb1 > mAb23) and affinity (mAb23 > mAb1), and their epitopes only overlap at Y65. In addition to blocking glucagon binding, mAb23 also reduces constitutive, ligand-independent activity (Fig. 1C) , defining it as an inverse agonist. Inverse agonists block basal activity through structural changes that are associated with the transition from the active to the inactive state of the receptor (28, 29) . For example, comparison of the inverse agonist-bound and activated states of the β2-adrenoreceptor reveals a distinct receptor conformation for each state (15) . Because mAb23 does not bind to the extracellular JM region of the receptor (Fig. 1D) , it presumably induces a conformation of the ECD that in turn stabilizes an inactive state of the receptor. Therefore, we reasoned that the ECD negatively regulates activity through an interaction with the JM region. Our data suggest that such an interaction involves ECL3 because exchange of ECL3 in GCGR for the ECL3 of GLP-1R, a change of only three amino acids, produces a chimeric receptor with significantly increased basal and glucagon-induced activity, and mAb23 binds to but no longer blocks glucagon-induced activation of this chimeric receptor (Fig. 5 A-C) . As expected, mAb1 also loses the ability to block glucagon-induced activation of the ECL3 chimera. These data indicate that glucagon bypasses the requirement for the ECD on the ECL3 chimeric receptor. In agreement with this, receptor activation by a chimeric peptide of glucagon and GLP-1 that can bypass the ECD (12) is significantly increased for the ECL3 chimera over WT receptor (Fig. S5D) , suggesting that removing the inhibitory effect of the ECD enables this agonist to activate the receptor with greater potency. Taken together, these functional data support a model in which the ECD stabilizes an inactive state of the receptor through interactions with ECL3. If the ECD and ECL3 interact, then disruption of this interaction may lead to a conformational change in the ECD that can be detected using classic biochemical methods. We found that the ECD of the ECL3 chimeric receptor is significantly more sensitive to protease digestion than WT receptor (Fig. 5D) .
Additionally, compared with WT receptor the ECL3 chimera demonstrated increased binding to a nonblocking antibody that targets the ECD (Fig. 5E ). These data indicate that the ECD undergoes a change in conformation in the ECL3 chimeric receptor that may be due to loss of the putative ECD-ECL3 interaction. The observation that a Y65A ECD mutation increases basal activity almost fivefold is further evidence that this interaction exists. The identification of mutations in both the ECD and ECL3 that can independently increase basal receptor activity supports our hypothesis that the ECD functions as an intrinsic negative regulator of GCGR activity. A complete understanding of the molecular basis for this interaction and any associated conformational changes in the receptor upon disruption of this interaction will likely require high-resolution structural studies of full-length GCGR.
The structure of the GCGR ECD provides a molecular basis for how the binding of glucagon or mAb23 could perturb distal regions of the ECD to enable allosteric regulation of the receptor through an interaction with ECL3. A number of residues that play a role in GCGR activation are located on L2, within the core of the ECD. For example, D63 has been identified as a critical residue in glucagon-induced activation of GCGR (24), and mutation of the corresponding residue, D60, in mouse growth hormone-releasing hormone receptor (GHRHR) leads to reduced growth hormone levels in vivo due to inactivity of the GHRHR (30, 31) . It is clear from the GCGR ECD structure that D63 makes numerous interactions with other regions of the ECD, such as a salt bridge with K98, a residue that is also important for glucagon-induced receptor activity (25) . Our glucagon docking model suggests a role for Y65 in ligand binding, and in cell-based assays the EC 50 of glucagon activation of the Y65A mutant is increased 10-fold, confirming its role in receptor activation. Intriguingly, Y65 seems to be the critical residue in the mAb23 epitope. Because Y65 resides at the tip of L2, where it makes extensive van der Waals interactions with other regions of the ECD, including D63, P82, L85, and R116 (Fig. S5) , we suggest that the interaction of glucagon or mAb23 with Y65 could perturb distal regions of the ECD through L2 to enable allosteric regulation of the receptor through an interaction with ECL3. Inhibitory activity has not been previously reported for the ECD of a class B GPCR. We propose that such negative regulation by the ECD may be a common feature of at least a subset of this receptor family. Recent studies of the calcitonin generelated peptide receptor identified point mutations in ECL3 that also lead to significant increases in both basal and ligand-induced activity (32) , although the mechanism for this is unknown. The ECD of class B GPCRs may play a similar role to the well-defined inhibitory ionic lock that keeps many class A GPCRs in an inactive state (33) . Agonist binding disrupts the ionic lock to activate class A receptors (34) , and by analogy, glucagon binding to the ECD may disrupt the interaction between the ECD and ECL3 to activate GCGR. Studies with other GPCRs support the idea that the ECD can both regulate receptor activity and interact with the ECLs. Class C GPCRs bind ligands exclusively through their large ECDs, structural changes of which are required for receptor activation (35) . Additionally, in the recent description of the crystal structure of the S1P receptor, a short amino terminal extracellular α-helix caps the JM region through interactions with the ECLs (36) .
This structure of a blocking antibody bound to GCGR provides insight into the molecular mechanisms of receptor antagonism and glucagon binding. We also propose a model for class B GPCR activation in which the ECD acts as an allosteric negative regulator of receptor activity, via interactions with ECL3.
Accordingly, the GCGR ECD may not simply be a binding determinant for agonist presentation to the membrane core, as current models of class B GPCR activation propose. Rather, the ECD seems to play an additional critical role in keeping GCGR in the inactive state. In this model, glucagon is not only required to promote an active conformation of the receptor through interaction with the membrane core, as is the case for agonists of other GPCRs, but also to relieve receptor inactivation by the ECD. This model provides a framework for understanding the regulation of class B GPCRs by therapeutic antibodies, peptides, or small molecules and opens up the potential for developing novel allosteric regulators of these receptors that target their ECDs.
Materials and Methods
Antibodies were expressed in CHO cells and purified by Protein A affinity chromatography. Glucagon activity was measured in primary hepatocytes or in 293 cells expressing GCGR variants. Purified GCGR ECD, generated in insect cells using recombinant baculovirus, was mixed with mAb1 Fab (1:1 molar ratio) and crystallized by hanging drop vapor diffusion. Full assay, protein production and structure determination methods, and associated references are provided in the SI Materials and Methods.
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Koth et al. 10 .1073/pnas.1206734109 SI Materials and Methods Expression Constructs and Cells. Primary human hepatocytes (Celsis) were plated overnight on collagen-coated 96-well plates. Stable Flp-In (Invitrogen) 293 cell lines expressing WT glucagon receptor (GCGR), Y65A or R111A were generated using pcDNA5/FRT/ V5-HisTOPO (Invitrogen). Stable 293 cells expressing WT GCGR, extracellular loop (ECL) 1, and ECL3 chimeric receptors were generated using pVITRO4 (Invivogen). Wt GCGR, Q113A/N/G, or ECL2 chimeric GCGR in pVITRO4 were transiently transfected into 293 cells. cDNAs corresponding to full-length GCGR and extracellular doman (ECD) residues Ala26 to Gln142 of human GCGR were subcloned into a modified pAcGP67 vector (BD) as a fusion to the gp67 signal sequence and a C-terminal, Tobacco Etch Virus (TEV) (Eton Bioscience) protease cleavable 6xHis tag. Some constructs also contained an AviTag biotinylation sequence (GLNDIFEAQKIEWHE) preceding the TEV protease cleavage site for in vivo biotinylation upon coexpression with BirA (Avidity). Single-site mutagenesis was performed using Quickchange II (Agilent). ECL chimeric receptors were generated by oligonucleotide-directed site mutagenesis.
Cell-Based Assays. PEPCK mRNA was measured using the Quantigene 2.0 bRNA assay system (Affymetrix) 6 h after addition of glucagon (2 nM) in insulin-free, BSA-free Krebs-Ringer buffer. Luciferase activity was measured in cells cotransfected with pGL4.29 (CRE-luciferase construct) and pRL-SV40 expressing renilla (Promega) 3-5 h after addition of glucagon or 100 nM 3-isobutyl-1-methylxanthine (IBMX). cAMP was measured using homogenous time resolved fluorescence (HTRF) (Cisbio). Antibodies were incubated with cells for 1 h before adding glucagon or IBMX.
Antibody Isolation and Expression. cDNAs encoding the mAb1 protein sequence (1) were synthesized. The mAb1 Fab was generated by LysC digestion (Wako) of IgG and purified on a SPSepharose column (GE Healthcare) using a linear gradient from 0 to 250 mM NaCl in 20 mM MES (pH 5.5). Fab fragments of mAb23 and mAb39 were obtained by selection of a phage display library (2) and affinity matured (2, 3) . For mAb7, mice were immunized with cells expressing human GCGR. For all antibodies heavy chain (HC) and light chain (LC) Fab regions were subcloned into IgG1 expression vectors, which were cotransfected into 293T or CHO cells. Secreted IgG1 was collected and purified by protein A affinity chromatography.
Structure Determination and Refinement. The ECD/mAb1 Fab structure was solved by molecular replacement using Fc and Fv regions of Protein Data Bank ID codes 1FVC and 1FVD as search models. Clear F o -F c electron density was observed for the GCGR ECD and was rebuilt and refined using Coot (4) and PHENIX (5) ( Table S2 ). The first and last residues of the GCGR ECD with interpretable electron density are V28 and M123, respectively. Ramachandran statistics for mAb1/ECD: Ramachandran outliers = 0.19%, 93.83% in the favored regions.
Computational Docking and Modeling. Modeling of the ECD-glucagon complex was achieved by first building a homology model of glucagon based on a GLP-1 structure (Protein Data Bank ID 3IOL, chain B) and then superimposing the GCGR ECD crystal structure on the GLP-1R ECD complex to generate a starting model for high-resolution docking using Rosetta v3.2 (6) . Docking was achieved with the local refine flag selected. The structure with the lowest energy from a docking run was used for further analysis.
Binding of mAbs to Purified ECD and Full-Length GCGR in Alphascreen
Format. The ability of WT GCGR ECD, mutants, or full-length receptor to compete with WT GCGR ECD for binding to antibodies was measured using a competition Alphascreen assay (PerkinElmer). Twenty-microliter reaction mixtures contained 20 μg/mL of streptavidin-coated donor beads, 20 μg/mL of protein A-coated acceptor beads, 10 nM biotinylated WT GCGR ECD, 1 nM of the tested antibodies, and nonbiotinylated competitor ECD at the indicated concentrations, in buffer E. Samples were incubated in a 384-well ProxiPlate (PerkinElmer) for 2-3 h at 22°C. Signal was recorded using an EnVision 2103 plate reader using an AlphaScreen emission 570 filter.
Binding of mAbs to WT and Chimeric GCGR in ELISA Format. Baculovirus particles displaying full-length WT and ECL3 chimera GCGR were produced and purified as previously described (2) . Baculovirus particles were mixed with PBS-0.5% BSA, DDM added to a concentration of 1%, and incubated on ice for 20 min. Debris and insoluble material in the lysates were removed by centrifugation at 18,000 × g for 20 min at 4°C, and the supernatant was mixed with IgG serially diluted in PBS-0.5% BSA containing 0.1% DDM and incubated for 1 h at 4°C. The amount of lysate used was twice the amount needed to saturate the ELISA wells precoated with neutravidin (Pierce), determined in a preliminary experiment. After incubation, WT and ECL3 chimera GCGR bound to IgG was captured in ELISA plates coated with neutravidin for 10 min at room temperature. The plates were washed with PBS containing 0.1% DDM, and goat anti-human IgG HRP conjugate (Invitrogen) diluted in PBS-0.5% BSA with 0.1% DDM was added to the plates. After 30 min incubation the plates were washed as above, developed with a tetramethylbenzemidine (TMB) substrate for 3 min, and the reaction stopped with 1 M phosphoric acid.
Cell Binding Assay. Cells (5 × 10 5 ) expressing GCGR variants were plated into 96-well high-bind plates [Meso Scale Discovery (MSD)]. After 1 h cells were blocked with 30% FBS/PBS for 30 min. The mAbs were added to cells in 3% FBS/PBS and incubated for 1 h at room temperature. After three washes with PBS, 2 μg/mL sulfo-labeled secondary antibody (MSD) in 3% FBS/PBS was added for 1 h. Binding was measured using Read Buffer T (MSD) on a MSD6000 plate reader.
Shotgun Alanine Scanning of GCGR ECD. Escherichia coli were coinfected with a phagemid (pS2202b) (7) that was modified to contain human GCGR ECD (Ala26 to Gln142) and M13-KO7 helper phage to generate M13 bacteriophage particles displaying the maltose binding protein secretion signal, followed by an epitope tag (amino acid sequence: SMADPNRFRGKDLGS), followed by GCGR ECD and ending with the mature M13 gene-8 major coat protein on the surface. Libraries, containing ∼10 10 unique members, were constructed using previously described methods (8) . For each mutated position, the codon was designed to encode either WT or alanine. For some residues, two other extra mutations might be introduced (9) . Phages from the libraries were propagated in E. coli XL1-blue as described previously (8) . Phage solutions (10 12 phage/mL) were added to BSA-blocked, 96-well Maxisorp immunoplates that had been coated with capture mAb. For the display selection an antibody that recognized the epitope tag fused to the N terminus of GCGR ECD was used, whereas for the functional selection, mAb1 or mAb23 were used. Individual clones from the fourth round of selection were screened with spot phage ELISA. Clones exhibiting signals at least twofold greater than signals on control plates coated with BSA were considered positive. These positive clones were subjected to DNA sequence analysis. Approximately 100 positive clones were sequenced for each library, and F values for each position were calculated as described previously (9) .
Glucagon Scanning Mutagenesis. cDNA encoding for the full-length glucagon peptide was fused to the N terminus of M13 major coat protein g8 by Kunkel mutagenesis (10) using pS2202b1 as template. The mutated scanning library was constructed by Kunkel mutagenesis according to the standard protocol (11) . Residues S16-T29 were "soft randomized" using a doping codon in which each base position was a mixture of 70% WT base and 10% of the other three bases that would result in a ∼50% mutation rate at the amino acid level. A stop template was used to construct a library that contained ∼2 × 10 10 unique members. The library was cycled against recombinant, biotinylated GCGR-ECD for four rounds in solution as previously described (11) .
Limited Proteolysis of WT and Chimeric GCGR. Stable 293 cells expressing the various full-length GCGR constructs were resuspended in buffer containing 120 mM NaCl, 10% glycerol, and 50 mM Tris (pH 8.0). Endoproteinase Lys-C was added at 5, 10, 20, and 40 μg/mL and the samples incubated at 22°C for 90 min. Digestions were stopped by the addition of SDS sample buffer lacking DTT. Samples were immediately resolved by SDS/PAGE, followed by transfer to nitrocellulose for Western blotting.
Western Blotting. Cell lysates were prepared by solubilizing cells in lysis buffer M (Roche) with protease inhibitors. Purified ECD protein was added to the lysate at 0.05 mg/mL. SDS sample buffer with or without DTT (as indicated) was added to lysates, and samples were resolved by SDS/PAGE followed by transfer to nitrocellulose for Western blotting. Blots were incubated with 10 μg/mL anti-GCGR antibodies in TBST + 5% nonfat milk, followed by probing with a goat anti-human secondary antibody conjugated to HRP or alkaline phosphatase (AP). HRP was detected using an ECL detection kit (Pierce). AP was detected using SigmaFast tablets (Sigma).
Data Analysis. EC 50 and IC 50 values were determined from nonlinear regression models using Prism software (GraphPad Software). , and mAb23 recognize conformational epitopes on the GCGR ECD. Western blots of lysates from cells expressing full-length human GCGR or with purified recombinant ECD added were probed with mAb1, mAb7, and mAb23. DTT was either added to or omitted from the SDS sample buffer, and gels were run under nonreducing, denaturing conditions. S4 . Antibodies mAb1 (A) and mAb23 (B) bind similarly to detergent-solubilized WT GCGR and ECL3 chimeric GCGR. Data shown are mean ± SD from two independent experiments, normalized to binding of each antibody to WT GCGR. The data shown are from experiments performed in parallel with those in Fig.  5E . (C) mAb39 recognizes a conformational epitope on the GCGR ECD. DTT was either added to or omitted from the SDS sample buffer and the samples resolved under denaturing conditions. Westerns of recombinant ECD were probed with mAb39. 
